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Abstract 
A hypothesis of the mechanism by which the protein 
cross-linking agents trigger apoptosis of lymphoid cells 
and proliferation of other cell types is proposed. It is 
assumed that both effects are triggered by aggregation of 
receptors on cell surface, which results from their cross-
linking. This idea is substantiated by the example of 
one of these agents, ionizing radiation . As in the case 
of physiological agents, such as, antigens and growth 
factors , the aggregation of receptors induced by radia-
tion activates receptor protein tyrosine kinases from 
which the signal is transduced to genes through protein 
kinase C. The hypothesis is consistent with the relation-
ship between these effects and the PTK-PKC-dependent 
signal transduction pathway and its activation after 
irradiation. 
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Introduction 
During the past few years, significant progress has 
been made in understanding the mechanisms by which 
physiological agents induce cell proliferation or 
apoptosis. One of the mechanisms triggering both ef-
fects in cells is the aggregation of the receptors whose 
cytoplasmic domains possess a tyrosine-kinase activity. 
The cross-linking of extracellular regions of receptors 
with polyvalent antibodies, and adjacent ligands on the 
antigen-presenting cell or growth factors activate PTKs 
of receptors. PTKs, in tum, activate through a cascade 
of signalling events, the transcription of genes, resulting 
in proliferation or apoptosis of cells, depending on speci-
ficity of cells and agents, as well as on strength of influ-
ence. These data are still little used in understanding the 
mechanisms of induction of these effects by various ex-
ogenous agents. The spectrum of these agents is broad 
and many of them are capable of initiating the cross-
linkage of proteins and, consequently, aggregation of re-
ceptors. In the present work, it is proposed that this 
process itself is responsible for initiation of proliferation 
and apoptosis of cells by agents inducing cross-linking 
of proteins. This general idea is substantiated by the 
example of one of these agents, ionizing radiation . 
receptor s. Induction of Apoptosis and 
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Cell Proliferation by Physiological Agents 
Apoptosis occurring at a definite stage of differenti-
ation of lymphoid cells is a prerequisite for the normal 
functioning of the immune system [10, 16). This proc-
ess, which is intended for eliminating the autoreactive 
clones of lymphoid cells [16), has been most intensively 
studied in maturing thymocytes . It was found that apop-
tosis occurs in those immature cortical thymocytes 
(CD4 + CD8 +) whose antigenic receptors (TCR) react 
with autoantigens [16, 33). For the induction of death 
of thymocytes maturing in the thymus, a double inter-
action of the thymocyte with adjacent ligands on the sur-
face of the antigen-presenting cell is necessary, namely, 
between TCR and the antigen, and between CD4 or 
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Abbreviations 
AP-1 and 
NF-kB: transcription factors 
GAP: GTPase-activating protein 
LO: lipoxygenase 
PKC: 
PLA2: 
PLC-,-: 
PTK: 
TCR: 
RER: 
protein kinase C 
phospholipase A2 
phospholipase C-,-
protein tyrosine kinase 
T -cell receptor 
receptor-mediated effect of radiation 
CD8 co-receptors and the determinants of the major 
histocompatibilitycomplex (33, 51]. The fusion ofTCR 
to the co-receptor activates the receptor protein tyrosine 
kinases (PTK) through their phosphorylation [51]. 
There is evidence that tyrosine phosphatase CD45 is im-
portant in activation of receptor PTKs [19] and hence, 
a further component may be involved in the activation 
complex . Apoptosis in immature lymphoid cells can be 
induced not only by the determinants of the antigen-pre-
senting cells but also by the antibodies to receptors (33, 
48, 55]. It was shown that, in this case, apoptosis is 
also initiated by receptor aggregation [29, 45] which 
activates receptor PTKs [ 49, 55]. 
The receptor PTK activation, which results in death 
of immature thymocytes, triggers the proliferation of 
mature T-cells [ 1]. Pro Ii feration of other cell types 
(e.g ., epidermal, fibroblast) is stimulated by various 
growth factors (e.g ., EGF, FGF) [9]. The process is 
initiated by the aggregation of growth factor receptors 
followed by the activation of receptor PTKs through 
their reciprocal phosphorylation at tyrosine (9, 34, 43]. 
Thus, both apoptosis of immature thymocytes and pro-
liferation of other cell types that occur in response to 
physiological agents, are triggered by receptor aggrega-
tion which causes the activation of PTKs. 
The pathway of signal transduction from receptor 
PTKs to the genes whose products are directly responsi-
ble for the stimulation of cell proliferation has been 
examined in detail in experiments involving growth fac-
tors. Several signalling molecules (e.g., PLC--y, GAP, 
etc.) [9, 34] bind to the regions of the receptor PTKs 
phosphorylated at tyrosine to be in tum phosphorylated 
at tyrosine [9, 55]. The signal is then transduced 
through these molecules to PKC. There are three possi-
ble pathways of signal transduction from receptor PTKs 
to PKC: (1) Through PTK-dependent activation of 
PLC-,- [24, 38]. This enzyme hydrolyses phosphatidyl-
inositol-bisphosphateto yield PKC-activating messengers 
diacylglycerol and inositoltriphosphate (4, 26, 31]. (2) 
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Through PTK-dependent increasing in the concentration 
of the active form of Ras, Ras-GTP, which stimulates 
PKC (12, 17]. The increase in the Ras-GTP concentra-
tion is likely to be due to the PTK-dependent inhibition 
of the activity of the enzyme that hydrolyses Ras-GTP 
(GAP) . As noted above, GAP is one of the molecules 
that bind to the activated receptor PTKs. (3) Through 
activation of PLA2 which is achieved by tyrosine phos-
phorylation either of the enzyme itself [35] or of lipo-
modulin which inhibits PLA 2 in the non-phosphorylated 
state [6]. The products of PLA2, such as, lysophospho-
Jipids, arachidonic acid and the metabolic products of the 
lipoxygenase pathway of its metabolism (Jeukotrienes), 
activate PKC, both directly (13] and indirectly, by inhib-
ition of GAP (12, 46]. The necessity of PKC and PLA2 
interaction for apoptosis is also shown in our current 
work (41]. PKC transduces the signal to different genes 
by activating the transcription factors (e.g., AP-1, NF-
kB) [2, 17]. Figure 1 schematically presents the de-
scribed sequence of signalling events, it clearly shows 
that PTK and PKC are the obligatory participants of sig-
nal transduction. The signal transduction from PTK to 
PKC may proceed through different ways, and the con-
tributions of these pathways may vary among different 
cell types (14]. 
In immature thymocytes, the sequence of signalling 
events in induction of apoptosis by physiological agents 
has been Jess studied, however, the available information 
suggests that activation of PTK and PKC is also a man-
datory step in this process [ 1, 29, 55]. 
Thus, cell death by apoptosis and cell proliferation 
are initiated by aggregation of receptors , and PTK and 
PKC are the obligatory components of signal transduc-
tion to genes. The latter distinguishes this signal trans-
duction pathway from other signalling systems. For in-
stance, PTK is not involved in signal transduction from 
the receptors bound to G-proteins (11], and signal trans-
duction occurring through K+ channels or via DNA in-
juries is independent of both PTK and PKC (2, 22]. 
A Possible Mechanism of Activation of 
PTK-PKC-dependent Signalling Pathways 
by Ionizing Radiation 
The ionizing radiation exerts diversified effects on 
mammalian cells. Induction of some of these effects re-
quires activation of genes and synthesis of macromole-
cules. Among these are proliferation stimulated by low 
radiation doses [15, 25], and radiation-induced apoptosis 
in lymphocytes [39]. Since these effects of radiation are 
mediated via active cell metabolism, irradiation is here 
not a direct cause of the effect but serves as a signal, 
triggering a series of events, that just result in the 
observed phenomena. Recent studies have demonstrated 
Receptors cross-linking in apoptosis and proliferation 
(±) I :-DAG 
PLC-y 
I ., InP3 
0 0 0 0 
RA~PTK~GAP~Ras-GTP PKC~ AP-1 ~GT NF-kB 
L
e• I LO I 
r--1 ~)I AA~ L 
PLA2 0 I ~LPL--
Figure 1. Schematic diagram showing the signal transduction pathway from receptors to genes upon activation of cell 
proliferation by growth factors. The abbreviations used here are: RA: receptor aggregation; GT: gene transcription; 
DAG: diacylglycerol; InP3: inositoltriphosphate; LPL: lisophospholipid; AA: arachidonic acid: L: leukotriene; EB: 
activation; and e: inhibition. 
that irradiation with doses (0.1-1 Gy) causing apoptosis 
of lymphoid cells and stimulating division of other cell 
types, activates the transcription of the same genes as 
physiological stimulus do. In particular , irradiation acti-
vates the transcription of c-jun [52], c-myc [8] and the 
gene of IL-1 [ 15, 53]. The transcription of these genes 
is PKC-dependent [18], and after irradiation, the PKC 
activity in cells increases several fold [18, 25, 54]. 
Irradiation also activates PTK as evidenced by tyrosine 
phosphorylation of some proteins in irradiated cells [ 48], 
with the radiation-induced activation of PKC being de-
pendent on PTK [47]. These findings indicate that ion-
izing radiation switches, in some way, the system that 
transduces signals from the growth factor and antigen re-
ceptors, resulting normally in stimulation- of cell pro-
Ii feration and apoptosis of immature cortical th ymocytes. 
Currently, there is direct evidence that the PTK-PKC-
dependent signalling pathway plays a crucial role in radi-
ation-induced apoptosis of lymphoid cells. In particular, 
it was found that the inhibitors of PTK and PKC effec-
tively prevent DNA fragmentation in irradiated lymphoid 
cells [32, 47, 48] . The absence of increase in Ca2+ 
concentration in thymocytes within the first hour after 
exposure [40], and the almost complete suppression of 
apoptosis by the inhibitors of PLA2 and LO [20], sug-
gest that the radiation-induced signal is not transduced to 
PKC via PLC-')', a pathway leading to the increase in 
intracellular Ca2+ concentration, but rather via PLA2, 
and possibly, Ras-proteins (Fig . 1). 
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The PTK-dependence of radiation-induced apoptosis 
suggests that it is triggered by activation of PTKs. 
Since the aggregation of receptors is a natural way of 
receptor PTK activation, it would be logical to assume 
that during irradiation, PTKs would also be activated by 
this mechanism. The aggregation of receptors during ir-
radiation should be accomplished by any covalent cross-
links arising from recombination of protein radicals. 
The cross-links between the growth factor receptors may 
initiate proliferation of mature T-cells and other cell 
types, whereas the cross-links between T-cell receptors 
and CD4 or CDS may result in apoptosis of cortical thy-
mocytes. The principal possibility of triggering cell pro-
liferation by protein cross-links was _shown in the analy-
sis of lymphocyte blast transformation in response to pe-
riodate [5]. In these experiments, the blast transforma-
tion was due to membrane protein cross-links of the 
Schiff-base type (C = N) [5]. It seems likely that the 
proliferation was initiated in those cells in which cross-
linking between the growth factor receptors took place. 
The growth factors and antigens are efficient at very 
low concentrations . In particular, the concentration for 
the antigen to induce, in vitro, the positive selection of 
thymocytes is 10-12 M [37]. It is believed that the cell 
may be activated by one antigen [7], i.e., by the forma-
tion of one receptor cluster. Thus, the number of recep-
tors needed for cell activation is as little as a few hun-
dredths of a per cent of the total number of receptors of 
a given type reaching tens of thousands per cell [36]. 
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The presented estimates indicate that the radiation-in-
duced formation of receptor aggregates sufficient to 
change the functional state of cells, is difficult to meas-
ure directly. To do this, it is necessary to increase the 
dose to a level allowing reliable determination of the de-
sired product. The yield of cross-links was estimated 
for major erythrocyte membrane proteins, spectrin and 
capnophorine, in erythrocyte ghosts irradiated with doses 
of hundreds of Gy [42]. It was shown that the amount 
of cross-links increases linearly with dose, reaching, 
under aerobic conditions , 20 % of the total amount of the 
membrane protein at a dose of 200 Gy [42]. An extra-
polation of this linear dependence on low doses yields 
that after a 0.1 Gy dose the output of cross-links will 
account for a few hundredths of a per cent of the total 
amount of the protein, which is sufficient for triggering 
the signalling system. 
The regularities of cross-linking of membrane pro-
teins in irradiated cells have been revealed in studies on 
erythrocyte ghosts as well [23, 42]. It was shown that 
a major outcome of irradiation was protein aggregates. 
This effect was due mainly to OH+ radicals, that is, the 
cross-links were an indirect effect of irradiation. Oxy-
gen reduced the radiation-induced yield of cross-links in 
irradiated erythrocyte ghosts. The effect of oxygen on 
cross-linking of proteins in biological membranes during 
irradiation may be masked by lipid peroxidation products 
whose amounts are known to increase in the presence of 
oxygen [50], and which are capable of initiating protein 
cross-links [21, 50]. If lipid peroxidation is involved in 
aggregation of receptors , then, it would be difficult to 
predict how oxygen would affect the receptor-mediated 
effects of radiation (RER). In support of the involve-
ment of lipid peroxidation in induction of RER is the 
finding that the inverse dose rate-effect relationship, 
which is typical of lipid peroxidation [44], is also ob-
served for RER, such as, apoptosis of thymocytes [27] 
and activation of PKC-dependent genes [52]. 
Soszynsky and Schluessler [ 42] reported that S-S 
links made a significant contribution to aggregation of 
the integral membrane protein capnophorin . Since many 
receptors contain domains rich in SH groups [9], they 
may also aggregate because of the formation of disulfide 
bonds . These bonds may arise not only from the reac-
tion with OH+ but also with hydrogen peroxide as well 
[3]. Hydrogen peroxide is a stable product of water ra-
diolysis, and if S-S bonds are involved in the aggrega-
tion of receptors, then RER may be initiated by the hy-
drogen peroxide arising in irradiated medium. . Indeed, 
some observations indicated that irradiated medium [30] 
and hydrogen peroxide [28] do stimulate cell division. 
Thus, the hypothesis of initiation of RER by cross-
linking of receptors does not contradict the available 
data, thereby, allowing its experimental verification in 
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several cell lines. 
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Discussion with Reviewers 
E. Falcieri: Does the author think that the phenomenon 
of radiation-induced receptor aggregation may be an 
acute or long-term effect? 
Author: Receptor aggregation may be initiated during 
the time of irradiation (acute) and after irradiation by 
radiation-induced hydrogen peroxide or lipid peroxide 
(long-term). 
E. Falcieri: Could it be plausible a chemical modula-
tion of this phenomenon and a certain adaptation to re-
peated exposure? 
Author: This phenomenon may be modified with S-S-
reducing agents, lipid peroxidation inhibitors, oxidants, 
inhibitors and activators of PTKs, PLA2, LO and PKS. 
There are some data in this field in the literature [5, 28, 
32, 41, 50, 54, 55]. 
A certain adaptation to repeated exposure is possible 
because the first dose switches signalling system and the 
cells are changed before second dose. 
W. Leyko: Which techniques and methods could be 
used to state the eventual cross-linking of cell surface 
receptors following 0.1-1 Gy doses of irradiation? 
Author: The methods may be indirect (the correlation 
with chemical modification of receptor cross-links with 
the magnitude of RER) and indirect (the decreasing of 
SH-groups in membrane proteins , and the decreasing of 
ligand adsorption on cell surface). 
